ABSTRACT The purpose of this study was to characterize the influence of temperature on muscle shortening and extensibility in broiler breast muscle (Pectoralis major). The extent of prerigor muscle shortening has been shown to affect the ultimate tenderness of meat, whereas a decrease in extensibility has traditionally been used to define rigor mortis in muscle. Muscle shortening over time was determined at three incubation temperatures: 0, 23, and 41 C. Shortening was measured on intact and excised muscles, as well as on muscle strips with and without attached weight (200 g). The time a muscle strip needed to reach loss of extensibility was also determined at each of the three incubation temperatures. The intact and excised muscles showed some
INTRODUCTION
Shortening and extensibility are the easiest physical changes to determine in post-mortem muscle. The amount of prerigor shortening has been shown to affect the tenderness of meat. Bendall (1973) described the post-mortem developments in muscle as consisting of three phases: 1) a delay period, during which the extensibility of the muscle remains constant and high; 2) a rapid phase, in which the extensibility of the muscle decreases rapidly with very little change in length of the unloaded muscle; and 3) a postrigor phase, in which extensibility has again become constant, but at a lower level. On the basis of this description, the completion of rigor mortis development can be defined as the time when muscle extensibility has disappeared (loss of extensibility) or has reached a constant minimal level.
Prerigor shortening is highly dependent on the temperature of the muscle. In bovine muscle, lowering the temperature to about 8 C immediately after slaughter results in a continuous decrease in the rates of adenosine triphosphate (ATP) turnover and glycolysis; a further decrease in tissue temperature to near the Received for publication July 10, 1995. Accepted for publication January 31, 1996. x To whom correspondence should be addressed.
evidence of both cold and rigor (hot) shortening. No extreme shortening effects were found in the muscle strips incubated with or without attached weight. The use of muscle strips to predict intact muscle or excised whole muscle shortening in a complex muscle such as poultry Pectoralis may be limited. The time required to loss of extensibility of the muscle strips, i.e., rigor completion, was 5.5, 4.5, and 0.8 h at 0, 23, and 41 C, respectively. The results show that cold-induced shortening may contribute to toughening of early deboned broiler breast muscle, but its impact on commercial processing and subsequent meat tenderness does not appear to be consistent.
1996 Poultry Science 75:797-802 freezing point causes an acceleration of post-mortem metabolism (Honikel and Hamm, 1978; Fischer et ah, 1980) . These increased rates of metabolic processes coincide with cold shortening, which results in toughening of the meat when cooked (Locker and Hagyard, 1963; Marsh and Leet, 1966) . Rigor shortening (sometimes also referred to as hot shortening) has been shown to occur in bovine muscle incubated at temperatures of 20 C and above at the onset of rigor mortis. This reaction in bovine muscle is not as rapid as in cold shortening (Honikel et al. , 1983 ).
An early report on possible toughening caused by cold and rigor shortening in hot deboned chicken muscle was published by deFremery and Pool (1960). However, temperature-induced toughening was not seen in whole, eviscerated broilers. Other reports indicating the occurrence of, or potential for, coldshortening in poultry have been published by Smith et al. (1969) , Wood and Richards (1974a,b) , Lee and Rickansrud (1978) , and Dunn et al. (1993a,b) . Jungk and Marion (1970) did not find any evidence of cold shortening in turkey breast muscle strips but did report high temperature-induced shortening. Rigor shortening has also been reported by Wood and Richards (1974a) , Lee and Rickansrud (1978) , and Dunn et al. (1993a,b) . Papa and Fletcher (1988a) reported that shortening in hot-boned broiler breast muscle was stronger in the (Key words: broiler, breast muscle, shortening, extensibility, rigor mortis) anterior than in the posterior end of the muscle on the basis of sarcomere length in both breast muscles, Pectoralis major and Pectoralis minor. However, cold shortening was not influenced by intramuscular location (Papa and Fletcher, 1988b) .
On the basis of these previously published reports, it can be concluded that cold shortening may occur in early deboned broiler breast muscles. Cold shortening has not been shown to cause toughening under normal processing conditions or as long as the muscle remains intact on the carcass. Although several researchers have studied both cold and rigor shortening effects in broiler breast muscle, the methods of sampling and determining shortening have varied. Also, many of the previous studies have not been designed to simulate commercial processing conditions (e.g., stunning and killing), which have been shown to affect the rate of post-mortem biochemical reactions (Papinaho and Fletcher, 1995) . The purpose of this study was to describe temperatureinduced shortening effects in broiler breast muscle (P. major) sampled as whole intact muscle, excised whole muscle, and as muscle strips with and without added weight, and incubated at 0, 23, and 41 C.
MATERIALS AND METHODS
Commercial male broilers obtained at 1 d of age, were reared to 7 wk of age in floor pens using simulated commercial conditions. To minimize stress and variability prior to slaughter, birds were not subjected to feed and water withdrawal. At slaughter, the broilers were individually stunned for 5 s with a constant amperage of 125 mA (alternating current, 50 Hz sinusoidal wave) to immobilize the birds and reduce post-mortem struggle. The broilers were then subjected to a unilateral neck cut, severing both the carotid artery and the jugular vein, and allowed to bleed for 90 s.
Experiment 1
Immediately after exsanguination, the breasts were skinned. Two points were marked on the thick portion of the cranial surface of the muscle with a permanent marker so that both points were located along the same surface fibers, approximately 10 mm from the edge of the muscle (Figure 1 ). The initial distance between the points varied with the size of the breast fillet. The distance between the points was first measured on the intact muscle approximately 120 s after stunning.
After the first measurement, the muscles were subjected to four different treatments: 1) muscles were left intact on carcass and the entire carcass placed in water; 2) whole P. major muscles were excised and placed in a plastic bag; 3) muscles were excised as in Treatment 2 and 2 Fisher IsoTemp Model 11-680-626W, Fisher Scientific, Pittsburgh, PA 15219. a 2-cm wide strip of muscle removed ( Figure 1 ) and hung from its proximal end by a hook inserted at 5 mm from the end of the strip; and 4) same as Treatment 3, except that a 200-g weight was hung on the distal end of the strip by a second hook.
Samples from the four treatments were then incubated at 0, 23, or 41 C for 8 h. The whole birds in water (preconditioned at the selected incubation temperature), the excised fillets in plastic bags, and the muscle strips were all placed in one of two constant temperature forced air incubators.
2 Surface drying on the muscle strips was minimized by misting with water every 15 min and by maintaining a high relative humidity in the incubators.
During incubation, the distance between marked points on the muscle was measured at 0. 25, 0.50, 0.75,1, 1.5,2,3,4,5,6,7 , and 8 h post-mortem. Muscle shortening was determined by converting the measurements between the points to a percentage of initial length (percentage shortening).
The experimental model was based on a balanced incomplete block design. In six replicate trials, eight birds each were used across the four treatments (muscle sampling), two incubation temperatures per replicate trial, and blocks (birds) of size two (randomized right and left breast fillets). Across the six replicate trials, each incubation temperature was thus evaluated four times (Trial 1,0 and 21 C; Trial 2,0 and 42 C; Trial 3,21 and 42 C; Trial 4,0 and 21C; Trial 5,0 and 42 C; and Trial 6,21 and 42 C). This design resulted in eight breast fillets (experimental units) per treatment (muscle sampling) and incubation temperature. Means and standard error of the means were plotted by treatment and incubation temperature over time. Linear regressions were conducted using the General Linear Models (GLM) option of SAS/STAT® computer program (SAS Institute, 1988) to generate regression coefficients and to test temperature effects within each treatment. Significance of intercept and slope estimates were determined using the solution option of the homogeneity-of-slopes model. Regressions were tested from 0 to 8 h for the intact muscle, 2 to 8 h for the excised muscle, and 0.25 to 8 h for the muscle strip treatments.
Experiment 2
A total of 36 broilers was used to determine the time to completion of rigor at the three incubation temperatures of 0, 23, and 41 C. Muscle strips were dissected from the breast muscle and were hung in the incubator with hooks as described for Treatment 4 in Experiment 1, except that the 200-g weight was hung from the strip only for the time required to take the extension measurement. Measurements were taken at 0.25,0.5,0.75,1,1.5,2,3,4,5,6, 7, and 8 h post-mortem on each strip to determine loss of extensibility (extensibility did not decrease any further with the addition of the 200-g weight); thus, the muscle strip had reached the postrigor phase (Bendall, 1973) .
Data were analyzed using ANOVA of the GLM procedure of the SAS/STAT® computer program (SAS Institute, 1988) . The main effect of incubation temperature was tested by residual error. Means were separated using Tukey's studentized range test option of GLM using a significance level of P < 0.05.
RESULTS AND DISCUSSION
The shortening by time results from Experiment 1 for intact and excised breast muscles, and the strips with and without weight, incubated at temperatures of 0, 23, and 41 C are shown in Figure 2 . The results for the linear regressions are presented in Table 1 .
In the intact breast muscles (Figure 2a) held at 23 C, there was very little shortening (i.e., the slope is not different from zero, Table 1 ). However, the intact breast muscles held at 0 or 41 C shortened to less than 90% of the original length within 5 and 3 h, respectively. The 0 '^Estimates within a muscle treatment and column with no common superscript differ significantly (P < 0.05). n = 8.
Standard error of the estimate. and 41 C incubated samples both shortened to 87% of their initial length by 6 h post-mortem and had slopes significantly less than slopes of samples held at 0 or 23 C. Shortening was significantly more rapid in the carcasses incubated at 41 C, as indicated by a significantly lower intercept estimate and negative slope ( Table 1) . The shortening patterns exhibited by the sampled incubated at 0 and 41 C appear to be consistent with both cold shortening and rigor shortening, as characterized for red meat by Honikel et al. (1980) . The results for the excised breast muscles are presented in Figure 2b . Immediately following excision, all of the muscles shortened approximately 18 to 20% in the first 15 min. The breast muscles incubated at 41 C showed the greatest degree of shortening of any of the treatments in the entire experiment (to 59% of original length after 3 h post-mortem) and this result may be evidence of rigor shortening. Due to the rapid shortening immediately following excision for all of the samples, especially for the 41 C samples, the regressions were fitted from 2 to 8 h post-mortem. After 2 h, the three incubation temperatures resulted in significantly different intercept estimates but the slopes were not different from zero or from each other (Table 1) . After the 1st h post-mortem, the samples held at 0 or 23 C showed similar trends with the greater shortening for the 0 C samples being possibly due to early cold shortening (lower intercept).
The results for the muscle strips are presented in Figure 2c . The muscle strips did not exhibit the dramatic initial shortening (rate and degree) or temperature patterns as seen with the whole excised muscle. This result was surprising because the initial points were marked prior to excision and subsequent removal of the strips. From 0.25 to 8 h post-mortem, there were no significant differences between the three incubation temperatures for either intercept or slope values (Table  1) . Because neither the 0 or 41 C samples were different from the 23 C sample there was no evidence of either cold or rigor shortening in the muscle strips.
The results for the muscle strips with 200-g weight are presented in Figure 2d . The initial shortening following excision was similar to shortening of the strips in the previous treatment; however, once the weight was applied, all of the strips, regardless of incubation temperature, extended to approximately 120% of their original length. No changes in the strip length occurred during incubation over the 8-h period (no difference in intercept or slope values, Table 1 ). This lack of change indicates that the applied weight was heavy enough to prevent cold or rigor shortening, but was not heavy enough to cause additional strip lengthening due to structural damage during incubation.
The results indicating the occurrence of rigor and cold shortening in this study are different from those reported for red meat, in which rigor shortening occurs at temperatures over 20 C and cold shortening is more rapid than rigor shortening (Honikel et al. , 1983 . The comparison of broiler Pectoralis rigor shortening and cold shortening temperature ranges to the room temperature range in this study, however, is supported by the results of Wood and Richards (1974a) , who showed that fast tension development was not found at 23 C but that values above 37 C were significantly different from those at 23 C. Dunn et a/.(1993b) reported characteristic rigor shortening at 20 C, and increased shortening with increasing temperatures up to 30 and 40 C; however, the smallest maximum shortening of breast muscle strips occurred at 20 C, when temperatures of 0, 5, 10, 20, 30 , and 40 C were compared. The current results showing that rigor shortening is more rapid than cold shortening in broiler P. major are also supported by the result of Papa and Fletcher (1988b) .
The rigor shortening seen in this study in the intact and excised muscles is similar to previous reports by Wood and Richards (1974a) and Dunn et al. (1993a) , who reported that high peak isometric tension occurs in chicken breast muscle strips incubated at 37 and 40 C, respectively. Similar effects were not seen in the shortening pattern of muscle strips used in this study.
Cold shortening was seen only in intact broiler breast muscle, and possibly in excised muscle. This result is in agreement with Smith et al. (1969) and Lee and Rickansrud (1978) , who reported cold shortening in excised muscles incubated at 0 C. Wood and Richards (1974b) and Dunn et al. (1993a,b) , using isometric tension reported capability for cold shortening at 0 C to occur in P. major strips; however, in the present study, the muscle strips allowed to shorten without weight did not have similar shortening patterns to intact and excised muscles.
The differences among the intact, excised, and muscle strips between the current and previous reports may be due to differences in chilling rates, slaughter, and sampling. For example, it is very difficult to compare the different treatments in this study, due primarily to differences in cooling rates of whole carcasses and the use of excised whole muscle and 2 cm wide muscle strips. Differences also exist in measuring muscle shortening based on surface measurements of whole muscle and strips. Because the surface fiber orientation is not uniform throughout the muscle, the shortening behavior of muscle strips would be expected to differ from whole muscle. These facts are reinforced by the difference in shortening seen between the whole excised muscles and the 2 cm wide muscle strips. The use of muscle strips to predict intact muscle or excised whole muscle shortening in a complex muscle such as poultry Pectoralis may be limited.
The loss of muscle strip extensibility was used to determine the average times of rigor completion in Experiment 2. The average time needed for a strip to complete its decrease in extensibility was 5.5, 4.5, and 0.8 h at 0, 23, and 41 C, respectively (Table 2 ). These times are shorter than previously reported times for the completion of rigor measured by biochemical parameters (Kijowski et al, 1982; Sams and Janky, 1991; Dunn et al. 1993a) . The fast rate for rigor completion may have been induced by cutting the strips off the muscle immediately after killing the bird or due to the factors previously discussed relative to temperature and sample preparation. Also, the biochemical and physical parameters for rigor mortis have been previously shown to have different rates (Sams and Janky, 1991; Dunn et al. 1993a) . DeFremery and Pool (1960) , using extensibility measurements for chicken P. major muscle, reported that the time needed for the onset of rigor was 2 to 4.5 h and the minimum extensibility of the muscle occurred at 8 h post mortem; these times were significantly longer than the ones determined in this study. The results from this study indicate that 1) both cold and rigor shortening can occur in intact and excised whole muscle; 2) muscle shortening was greatest for the excised and high temperature incubation; 3) muscle strips may not exhibit the same shortening profile as whole muscle; and 4) completion of rigor as determined by muscle strip loss of extensibility are shorter than those estimated using primarily biochemical parameters. The relationship between temperature-induced shortening and muscle toughening during commercial processing is still unclear. Although cold shortening and rigor shortening have been shown to exist in poultry meat, their impact on commercial processing and subsequent meat tenderness does not appear to be consistent. More research is necessary to reconcile differences in postmortem biochemical reactions, physical shortening, and meat quality.
